We study a bilayer GaAs hole system that hosts two distinct many-body phases at low temperatures and high perpendicular magnetic fields. The higher-density (top) layer develops a Fermi sea of composite fermions (CFs) in its half-filled lowest Landau level, while the lower-density (bottom) layer forms a Wigner crystal (WC) as its filling becomes very small. Owing to the inter-layer interaction, the CFs in the top-layer feel the periodic Coulomb potential of the WC in the bottom-layer. We measure the magnetoresistance of the top-layer while changing the bottom-layer density. As the WC layer density increases, the resistance peaks separating the adjacent fractional quantum Hall states in the top-layer change nonmonotonically and attain maximum values when the cyclotron orbit of the CFs encloses one WC lattice point. These features disappear at T = 275 mK when the WC melts. The observation of such geometric resonance features is unprecedented and surprising as it implies that the CFs retain a well-defined cyclotron orbit and Fermi wavevector even deep in the fractional quantum Hall regime, far from half-filling.
When a strong perpendicular magnetic field (B ) quenches the kinetic energy of clean two-dimensional (2D) electrons at low temperature and the Coulomb interaction becomes dominant, the system exhibits a variety of quantum ground states at different filling factors, ν [1] [2] [3] [4] . At very large B, when ν < 1/5, the electrons form a Wigner crystal (WC) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , which manifests as an insulating phase in transport measurements because the WC is pinned to the ubiquitous disorder potential. At higher, odd-denominator fillings, the electrons condense into incompressible fractional quantum Hall states (FQHSs) [1] [2] [3] [4] . These are elegantly described by composite fermions (CFs), quasi-particles consisting of an even number of flux quanta and an electron [4, 19, 20] . Thanks to the flux attachment, at ν = 1/2 the CFs feel a zero effective magnetic field (B * ) and occupy a Fermi sea with a well-defined Fermi wavevector. This is evinced in experiments on samples with a periodic potential modulation where the geometric resonance (GR) of the CFs' cyclotron orbit diameter with the period of the modulation is observed [4, [21] [22] [23] [24] [25] [26] [27] . Further away from ν = 1/2, when B * becomes large, the CF picture accounts for the FQHSs as the integer QHS of CFs [4, 19] .
A recent study of an asymmetric electron bilayer system hosting CFs in one layer and a WC in the other layer revealed a glimpse of the microscopic structure of the WC [18] . As schematically shown in Figs. 1(a) and 1(b), the Coulomb potential of the WC electrons imposes a periodic potential modulation on the adjacent CF layer. As a result, whenever the CFs' cyclotron orbits enclose a certain number (i = 1, 3, 7) of the potential modulation points, the CF layer's magnetoresistance exhibits a GR maximum. The B * positions of these maxima are consistent with the period of a WC arranged in a triangular lattice. Moreover, the GR features weaken with increasing temperature and disappear above ∼ 200 mK as the WC melts.
Here, we study a bilayer hole system hosting a hole WC in one layer and hole-flux CFs in the other. Compared to the electron system, because of the larger effective mass and the stronger Landau level mixing for holes, the hole WC forms in the bottom-layer at much higher fillings [15, [28] [29] [30] . The WC lattice at a higher filling means a smaller WC period, and thus causes the GR of CFs in the top layer to occur for smaller cyclotron orbits or, equivalently, for larger B * . This leads to the GR features permeating into the regime where the strong FQHSs develop. Surprisingly, we observe that the resistance of the compressible states positioned between strong FQHSs changes with the WC layer density. In particular, it exhibits a maximum when the primary GR condition is satisfied, i.e., the CFs' cyclotron orbit encloses one WC lattice point [see Fig. 1(b) ]. The results have an intriguing implication: The CFs retain a welldefined Fermi wavevector even in the regime where strong FQHSs are observed.
The double-quantum-well structure used in our experiments is grown on a GaAs (001) substrate via molecular beam epitaxy. The two GaAs quantum wells are each 20 nm thick, and are separated by a 50-nm-thick Al 0.24 Ga 0.76 As barrier. The density of the top-layer (p T ) is much larger than the bottom-layer density (p B ) such B* that at a fixed, large magnetic field the top-layer is near its half-filling and hosts CFs while the bottom-layer has a filling 1 and forms a WC [see Fig. 1(a) ]. This bilayer structure with a large density imbalance is realized with a very asymmetric spacer and C δ-layers; the thicknesses of the top and bottom Al 0.24 Ga 0.76 As spacer layers are 95 and 500 nm, respectively. The wafer is cut into a 4 × 4 mm 2 square shape, and In:Zn Ohmic contacts are made at the sample's four corners. An In bottom-gate, covering the sample's entire back, is used to apply a bias V BG and tune p B .
Figure 2(a) shows the magnetoresistance traces measured at different V BG at T 30 mK. The lowest trace is taken at V BG = 20 V, where the bottom-layer is completely depleted (p B = 0) and p T = 1.42 × 10 11 cm −2 . It is similar to those for high-quality, single-layer 2D holes, and exhibits high-order FQHSs up to ν = 6/13. When a smaller V BG is applied, holes start to occupy the bottom-layer. This leads to a weakening of the already fragile ν = 5/9, 6/11, and 6/13 FQHS minima at V BG = −45 V [31] . When p B is further increased by lowering V BG , these FQHSs become strong again. Interestingly, the resistance peaks for the compressible states between ν = 2/3, 3/5, 4/7, and 5/9 FQHSs, marked as A, B, and C in Fig. 2(a) , evolve non-monotonically as V BG decreases. This is best seen in Fig. 2(b) where we show the measured resistance for peaks A, B, and C as a function of V BG . The resistance of peak A increases with decreasing V BG , reaches a maximum at V BG −100 V, and then it decreases [32] . Peaks B and C show a similar trend although they attain their maximum values at larger V BG −55 V and −40 V, respectively. We attribute the peaks observed in Fig. 2(b) to the GR of CFs in the top-layer, i.e., with their cyclotron orbit diameter matching the period of the WC formed in the bottom-layer [ Fig. 1(b) ]. The evolution observed in Fig.  2(b) comes about as the WC period that determines the condition for the CFs' GR changes with the WC density.
To support our conjecture, we first describe our precise determination of p B and p T using the mangetoresistance traces at various V BG . In Fig. 2(e) , circles represent p T determined from the field positions of the FQHS minima between ν = 2/3 and 3/7. When only the top-layer is occupied p T increases with decreasing V BG linearly. For V BG < −20 V, as the bottom-layer starts to become occupied, p T starts to decrease. This negative compressibility, a manifestation of the strong exchange-correlation interaction, has been observed previously in various bi-layer systems [18, 33, 34] . The black solid line in Fig.  2 (e) is a fit through the experimental data points for V BG > −20 V and represents the capacitive response of the total density of the bilayer (p Tot ) when V BG is applied; its slope is consistent with the expected geometrical capacitance of the sample. We obtain p B by taking the difference between p Tot and p T .
Based on p T and p B extracted from Fig. 2(e) , we calculate the value of V BG at which we expect the primary (i = 1) GR resistance maximum to occur for states A, B, and C. As indicated by the arrows in Fig. 2(b) , the measured resistance maxima for the compressible states A, B, and C indeed reach their peak values very close to where we expect the CFs to satisfy the GR condition, 2R * = a; here a is the WC period, R * = k * eB * is the CFs' cyclotron radius, and k * is their Fermi wavevector. We calculated k * assuming that the CFs are fully spin-polarized and their density is equal to p T , i.e., k * = √ 4πp T . Note also that for a triangular WC lattice, a = Before presenting more data, it is useful to discuss the role of disorder in our experiments. In Fig. 2(b) we also plot the resistance of our sample at ν = 1/2 (R 1/2 ). As V BG is decreased from its highest value, R 1/2 initially decreases as p T increases. Near the onset of the bottom-layer population (around V BG = -15 V), R 1/2 suddenly starts to increase. This increase is likely related to the scattering of CFs off the holes in the bottom-layer which, at extremely low densities, is dominated by disorder. Such a phenomenon was indeed observed in bilayer systems at zero B, and was attributed to enhanced electron scattering [35, 36] . For V BG < −30 V, however, R 1/2 is essentially constant [37] . This is in stark contrast to the non-monotonic behavior of the resistances of peaks A, B, and C in the same range of V BG < −30 V in Fig. 2(b) . More importantly, the resistances of these peaks show clear maxima whose V BG positions are consistent with the i = 1 GR of the CFs in the top-layer with the potential of a WC in the bottom-layer. We conclude that, while some level of disorder is present near the onset of the bottom-layer population, the peaks in Fig. 2(b) cannot be attributed to disorder. consists of only CFs in the top-layer. The decreasing resistance with increasing temperature can be attributed to the thermal broadening of the CF Landau levels as is well documented in single-layer systems [38, 39] . However, at V BG = −110 V, where the height of peak A is influenced by the GR of CFs with the WC lattice [ Fig. 2(b) ], peak A's resistance increases significantly with decreasing T [ Fig. 2(d) ]. The increase is particularly notable below about 200 mK, which we associate with the melting temperature of the WC. This melting temperature is comparable to the one deduced from measurements in a CF-WC bilayer electron system [18] ; a quantitative comparison, however, is not warranted because of the different interlayer distance in the two systems, and also the much smaller ν in the electron WC case.
The plots in Fig. 3 summarize the evolution of the system as a function of V BG and B * . The overlaid black circles in Fig. 3(a) represent the expected V BG positions of the CFs' i = 1 GR with the WC potential. The white ellipses mark the V BG positions at which we observe maximum values of peaks A, B, and C. The observed positions of the maxima agree well with the black circles. We emphasize that the expected positions are calculated based on independent measurements of p T and p B [ Fig.  2(e) ]. Note that there is also a weakening of the ν = 5/9 FQHS in Fig. 3(a) at V BG = −40 V, consistent with what we would expect when the GR coincides with a (weak) FQHS. In Fig. 3(a) , for B * > 0, we also observe a weakening of the ν = 4/9 FQHS minimum when V BG = −40 V. This is slightly larger than V BG where we expect the GR maximum (V BG = −43 V). On the other hand, for B * > 0, when V BG < −40 V, we do not observe variations in the peak values of maxima separating FQHSs which we could associate with the GR features. This is puzzling, but consistent with previous results for CFs in single-layer electron systems in an antidot lattice where the GR maxima for B * > 0 were much weaker than for B * < 0 [22, 40] . The origin of this asymmetry remains unclear. Figure 3(b) captures the magnetoresistance measured at T = 275 mK. Here the resistance changes associated with the GR of CF orbits with the WC lattice are absent. The contrast between Figs. 3(a) and (b) provides strong evidence that the resistance maxima observed at T = 30 mK in Fig. 3(a) [and Fig. 2(b) ] are caused by the WC formed in the bottom-layer, and they disappear once the WC has melted at T = 275 mK.
It is worth highlighting some important aspects of our bilayer hole system. In an electron bilayer system, the GR features induced by the WC are observed at very low fillings (0.002 < ν WC < 0.02) compared to the hole sample studied here (0.07 < ν WC < 0.1). This is consistent with previous studies in single-layer systems, where the relatively higher filling for the formation of the WC in 2D holes was associated with the larger hole effective mass and the resulting Landau level mixing [15, 28, 29] . The higher ν WC for holes allows us to observe the WC at relatively higher densities or, equivalently, at smaller WC periods. Indeed, in Fig. 2(b) data, the period of the WC at which we observe the maxima indicated by the three arrows ranges from 80 to 140 nm. Such a small period means that the i = 1 GR in the CF layer would require a large B * , thus placing the GR feature far from the half-filling of the CF layer and well into its strong FQHS regime. Note that, because a very high-quality, modulation-doped, GaAs 2D carrier system containing CFs is typically buried deep under the surface, it would be extremely challenging to use structures (e.g., gates or antidots) patterned on the surface of the sample to impose periodic potentials with such small periods. Another major advantage of our bilayer system is that we can vary in-situ the period of the periodic potential imposed on the CF layer via changing the WC layer density, and therefore tune the GR condition [ Fig. 1(b) ].
We also note that in our bilayer hole system, we do not observe higher-order (i = 3, 7) GR features seen in a bilayer electron system [18] . This might be because of the smaller mean-free-path of the CFs or the lack of long-range order in the WC layer in the hole system. We emphasize, however, that experiments on 2D electron systems with a 2D array of antidots whose positions deviate slightly from being periodic still show the GR feature associated with the i = 1 orbit [41, 42] . Evidently, the insensitivity of the i = 1 GR to slight disorder in the periodic potential allows us to observe the primary GR maximum throughout a wide density range even when the period of the WC is not sharply defined.
Returning to Fig. 2(b) data, the observation of GR of CFs near strong FQHSs implies that CFs possess a well-defined Fermi wavevector in this regime. This is at first sight surprising as one would expect that the CFs, which occupy a Fermi sea at ν = 1/2, should maintain a Fermi wavevector only at and near ν = 1/2. After all, in the CF picture, the FQHSs are considered to be the integer QHSs of the CFs [4, 19] , and the presence of strong FQHSs implies well-quantized CF Landau levels. On the other hand, theoretical studies imply that the concept of a Fermi wavevector for CFs appears to be valid even in the regime where strong FQHSs are expected [43, 44] .
Finally, our data appear to be consistent with the CF density being equal to p T , i.e., k * = √ 4πp T . If, as suggested in recent experiments [27] , we assume that the density of CFs for B * < 0 equals the minority carriers in the lowest Landau level of the top-layer, then the expected positions for maxima in Fig. 2(b) are shifted to more negative values of V BG . Quantitatively, if we use values of V BG at which we observe maxima in Fig. 2(b) and assume that the minority carriers are responsible for the CF GR, then we would obtain WC lattice constants that are about 15 to 20% smaller than implied by our measured p B [ Fig. 2(e) ]. We emphasize, however, while our p T values are quite accurate, the values for p B have reasonably large error bars because they are based on subtracting p T from the extrapolated p Tot in Fig. 2(e) . Also, the range of B * showing GR in our study is much larger than those in [27] where CF GRs were observed very close to ν = 1/2. We conclude that the precise density of CFs that gives rise to GR away from half-filling remains an important open question, as also amplified in some very recent theoretical studies of the role of particlehole symmetry in the CF formalism [44] [45] [46] [47] [48] [49] [50] . 
